release of these compounds is of environmental concern. [1] [2] [3] The parent molecules initially applied, 42 such as 2-morpholinothiobenzothiazole, however, are usually not detected in water. It is believed 43 they undergo quick transformations in the environment, 4 and as such only breakdown products of the 44 parent compounds are frequently detected in urban runoff (e.g. stormwater), treated municipal 45 wastewater and surface waters. Typically four breakdown products are frequently detected, i.e. 46 benzothiazole (BTH), 2-(methylthio)bezothiazole (MTBT), 2-benzothiazolsulfonate (BTSA) and 47 2-hydroxybenzothiazole (OHBT). [4] [5] [6] [7] Concentrations of these compounds are commonly found to 48 be 1 order of magnitude higher in urban runoff (tens of µgL -1 ) compared to treated municipal 49 wastewater (several µgL -1 ) . 5 This difference is probably due to the dissolution of tiny rubber 50 particles abraded from automobile tires on roads, making urban runoff a major source of these 51 benzothiazoles in aquatic environments. 5, 8 These benzothiazoles are relatively resistant toward 52 abiotic transformation. 5 They are not effectively removed in current wastewater/stormwater 53 treatment practices.
9, 10 Due to their refractory nature, these compounds have also been found in 54 groundwater and tap water. 11 Reports show that BTH and OHBT are frequently detected from 55 human urine at levels of ng L -1 , 12 which possibly is attributed to their existence in drinking water. It 56 is known that BTH, MTBT and OHBT have acute and chronic toxicity effects in the test with 57
Ceriodaphnia dubia, 13 however, there are still no reports on the possible toxicity of BTSA. 58
The presence of these benzothiazoles in drinking water has raised some healthy concerns. Their 59 removal with oxidation techniques has therefore been investigated, where ozonation, UV irradiation, 60 5 and advanced oxidation processes (AOPs) generating hydroxyl radicals (e.g. photocatalytic 61 oxidation, O 3 /H 2 O 2 and UV/H 2 O 2 ) have been tested. [14] [15] [16] [17] [18] Results of these studies clearly show that 62 hydroxyl radical is the major oxidant species responsible for effective degradation of benzothiazoles. 63
Unfortunately, their transformation products during hydroxyl radical oxidation are rarely reported, 64 making it difficult to comprehensively assess the effects of their oxidative degradation. 65
In recent years, degradation of refractory pollutants by sulfate radicals has attracted many interests 66 in both research and application. Sulfate radical has a reducing potential comparable to or even 67 higher than hydroxyl radical. 19 It reacts with compounds normally via electron transfer, and can be 68 more efficient than hydroxyl radical in the degradation of some contaminants. 20 AOPs which usually require ozone and/or UV, and thus could be preferential in the treatment of 75 urban runoff that occurs periodically. Under these conditions, application of ozone and UV is limited 76 by high equipment costs and low operation frequency. 77
We investigated the stability and the surface catalysis mechanism of CuFe 2 O 4 for PMS activation 78 in our previous work. 34 However, there is still no idea to determine the concentration distribution of 79 radical species for the application of PMS/CuFe 2 O 4 oxidation, especially the transient concentration 80
of sulfate radicals which are of great interest to remove refractory pollutants. Since the sulfate 81 radical concentration cannot be determined, pollutant removal rates in various water matrices 82 6 consequently cannot be predicted, which probably impedes practical application of this process as 83 well as other sulfate radical-based oxidation processes. Regarding the highly stable benzothiazoles 84 which are of great concern for the reuse of urban runoff for arid and semi-arid regions, they are 85 rarely studied with sulfate radical oxidation for removal efficiency, kinetics and mechanism. In this 86 work, we established a kinetic method to quantify the transient concentrations of sulfate radical 87 during the PMS/CuFe 2 O 4 oxidation, determined reaction rate constants of the four benzothiazoles 88 (BTH, MTBT, BTSA and OHBT) with sulfate radical, tentatively identified their transformation 89
intermediates via LC/high-resolution MS and LC/MS n analysis, and proposed their degradation 90 pathway accordingly. The results will shed some light on how to determine transient sulfate radical 91 concentrations and predict pollutant removal rates for the PMS/CuFe 2 O 4 process as well as for other 92 sulfate radical-based oxidation processes, and also on the effectiveness and mechanism of sulfate 93 radial reactions with highly stable benzo-heterocyclic compounds. 94
EXPERIMENTAL SECTION 95
Chemicals and materials. Benzothiazole (BTH; 96%), 2-(methylthio)benzothiazole 96 (MTBT; 97%), potassium salt of benzothiazolesulfonic acid (BTSA), 2-hydroxybenzothiazole 97 (OHBT; 98%), N,N-diethyl-m-toluamide (DEET; 97%), nitrobenzene (NB; ≥ 99%), 98 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS; ≥ 98%), peroxomonosulfate (PMS) 99 (Oxone, KHSO 5 ·0.5KHSO 4 ·0.5K 2 SO 4 ), and peroxodisulfate (PDS; ≥ 98%) were purchased from 100 Sigma-Aldrich. Nitric acid (64 -66%), sodium tetraborate (≥ 99.5%), and sodium nitrite (≥ 99%) 101 were purchased from the same company. Methanol (HPLC grade), acetonitrile (HPLC grade), water 102 for LC-MS, formic acid, and ammonium acetate were purchased from Fisher Scientific. 103 6-hydroxybenzothiazole (≥ 96%) and 2-nitrobenzenesulfonic acid (≥ 97%) as authentic references of 104 7 oxidation products were purchased from TCI America. Information of the benzothiazoles and probe 105 compounds is given in (pH at which the surface is zero-charged) of 7.9, and saturated magnetization (M-H) of 24 emu g Agilent; Qtrap 5500 mass spectrometer, AB Sciex) operating at multiple reaction monitoring (MRM) 154 mode was applied using the same Luna C-18 column. BTH, MTBT and OHBT were detected at ESI 155 10 positive mode; BTSA was detected at ESI negative mode. Column elution conditions and MS 156 settings are shown in Table S2 ) also produces 201 hydroxyl radical in water (eq 5), which is more significant at higher pHs.
31, 39, 40
Presently, we 202 know that sulfate radical is dominant in this process because pollutant oxidation was scavenged 203 more by ethanol (reactive towards both hydroxyl radical and sulfate radical) than by tert-butanol 204 (more reactive towards hydroxyl radical than towards sulfate radical). 34 However, exact proportions 205 of these radical species still cannot be quantified. Determination of the concentrations of these 206 radical species is a prerequisite for kinetic studies. 207
To quantify the radical species (i.e. sulfate radical and hydroxyl radical) generated in the 213 PMS/CuFe 2 O 4 process, nitrobenzene (NB) ( DEET is oxidized by sulfate radicals. Therefore, the decomposition of DEET can be described with 226 eq 6 (integrated in eq 7). The R ct , a concept developed by Elovitz and von Gunten to correlate 227 hydroxyl radical generation with ozone decomposition during ozonation, 44 is adopted here to 228 describe the exposure ratio of sulfate radical to PMS (eq 8). At a given CuFe 2 O 4 dosage, the 229 decomposition rate of PMS follows a pseudo-first order ( Figure S3A , SI), which can be described by 230 14 eq 9, where k is the pseudo first order decomposition rate which can be obtained by plotting the 231 logarithm of normalized PMS residual against reaction time. Then, the exposure of sulfate radical 232 can be expressed as a function of residual PMS during oxidation (eq 10). The DEET residual can 233 thus be described with eq 11. 234 
C. 257
Reaction rate constants of sulfate radical with benzothiazoles. The 258 competition kinetic method was applied to determine second-order rate constants of reactions 259 between sulfate radicals and benzothiazoles using DEET as probe compound. This method of rate 260 constant determination is applicable for the PMS/CuFe 2 O 4 oxidation, because concentrations of 261 benzothiazoes and DEET even at 20 times lower than those applied in the kinetic study have no 262 appreciable adsorption on the CuFe 2 O 4 ( Figure S4 , SI), meaning these compounds will be degraded 263 in the solution, and surface adsorption-induced degradation can be excluded. 264
Based on the data shown in Figure S5 (SI), second order rate constants of sulfate radicals with 265 BTH, MTBT, BTSA and OHBT were calculated to be (3.3 ± 0.3) × 10 9 , (1.4 ± 0.3) × 10 9 , (1.5 ± 0.1) 266 × 10 9 and (4.7 ± 0.5) × 10 9 M -1 s -1 , respectively. It was reported that BTH and OHBT react with 267 hydroxyl radicals at rate constants of (3.9-8.6) × 10 9 and (4-5. Figure  277 3A and 3B. Based on the measured second-order reaction rate constants and the R ct values calculated 278 from eq. 11 with the decomposition data of PMS and DEET (shown in Figure S6 (SI)), the predicted 279 evolution of the concentrations of the benzothiazoles fit well (Figure 3) . The degradation of the 280 benzothiazoles spiked into a real street runoff also fitted well with the model prediction ( Figure 3C ) 281 (PMS and DEET decomposition in the street runoff were shown in Figure S6 oxidation. Oxidation products detected for BTH, MTBT, BTSA and OHBT are listed in Table  296 S3-S6 (SI). Evolution of peak areas of these products (detected with MRM mode) and the 297 benzothiazoles with initial PMS/compound molar ratio are presented in Figure S7 -S10 (SI). Since 298 authentic standards for most of these oxidation products are not available, their structures were 299 proposed based on their empirical formulae (Table S3- fragmentation is attributed to the detachment of CHN from the mother molecule (Table S7, SI) . 306
Therefore, a 27 amu loss in the fragmentation of an oxidation product signifies that the -CH=N-307 structure of the thiazole ring is not modified in the oxidation. Consequently, the loss of 44 amu 308
indicates the presence of intact C-S moiety. 309
Four isomers of OP 152 were observed with nearly the same MS 2 /MS 3 fragmentation pattern 310 (Table S7 , SI). According to their accurate masses (Table S3, (Fig S12, SI) ), which also confirms that the 319 hydroxy-benzo structure of OP 152 is reasonable. Only one hydroxylated benzothiazole with OH 320 substitution on the benzo ring was commercially available, i.e. 6-hydroxybenzothiazole. It has the 321 same retention time (13.9 min) and MS 2 fragmentation pattern with OP 152-3, meaning that the 322 structure of this product can be confirmed. 323 OP 168 of BTH has three isomers with two more O atoms than the parent BTH (Table S3, SI) . 324
Simultaneous hydroxylation on C atoms of the thiazole ring and the benzo ring seems impossible, 325 20 because sulfate radical-oxidized OHBT sample had no peaks matching the oxidation products of 326 BTH ( Figure S11, SI) . Losses of 44 (CS) and 27 (CHN) amu were observed in further fragmentation 327 of its fragments m/z 150 (loss of H 2 O) and 140 (loss of CO), respectively (Table S7, structures. This result also suggests that a combination of sulfate radicals and common oxidants 365 would be able to improve the efficiency and reduce the cost of oxidation. The combination could 366 also possibly be useful to reduce the formation of toxic products when chloride is present at high 367 22 concentrations in the water, as chlorine radicals (formed by sulfate radical oxidation of chloride) 368 readily react with phenolic structures forming chlorinated products. which is one C less and two H and two O more than OHBT (Table S6 , SI), has a loss of 64 amu 396 which is characteristic for the sulfonate group as shown in the fragmentation of BTSA (Table S9, SI) . 397
A loss of 92 amu (C 6 H 6 N) was observed, which means that the benzene ring is retained. None of the 398 characteristic fragmentation losses of OHBT was observed for OP 172, indicating a breakage of the 399 structure. Therefore, OP 172 should have a sulfonate group attached on the benzene ring, and the 400 thiazole ring is damaged. OP 202 is two H less and two O more than the OP 172. Since losses of 64, 401 80, and 46 (NO 2 ) amu were observed, the OP 202 should have a sulfonate group and a nitro group 402 attached on the benzene ring, which is reasonable as its retention time and fragmentation pattern 403 matches well with that of 2-nitrobenzenesulfonate. At PMS/OHBT molar ratio of 20, the OHBT 404 dosed (100 µM) as well as the OP 172 were nearly completely degraded. In the meantime, the 405 2-nitrobenzenesulfonate produced was determined to be 6.1 µM, which is much lower than the 406 OHBT dosed, suggesting that this product could be also degradable during the PMS/CuFe 2 O 4 407 oxidation. The degradation of 2-nitrobenzenesulfonate by PMS/CuFe 2 O 4 was confirmed as shown in 408 Figure S14 (SI). Its degradation rate was lower than that of OHBT, which could be the reason for its 409 accumulation within the PMS dosages applied here. 410 24 Proposed reaction mechanism. According to the structures proposed for the oxidation 411 products, we tentatively conclude that sulfate radicals preferentially attack the benzo ring of BTH, 412 MTBT, and BTSA. For OHBT, sulfate radical attacks more readily the thiazole ring side than the 413 benzo ring. 414
Sulfate radical is a strong electrophile. It attacks organic compounds more preferentially via 415 electron transfer than hydrogen abstraction and addition.
19, 40 Its reaction with benzene via electron 416 transfer is believed to produce hydroxycyclohexadienyl radical through rapid reaction of the benzene 417 radical cation with water.
19, 51-53 It is known that hydroxycyclohexadienyl radical can efficiently 418 react with oxygen forming peroxy radical which further decomposes giving phenol as product. 54 The 419 study of Anipsitakis et al. shows that sulfate radical reaction with phenol further produces dihydroxy 420 products (catechol and hydroquinone) following the same mechanism.
48 It seems that the sulfate 421 radical reaction with BTH, MTBT and BTSA follows a similar pathway with that of benzene and 422 phenol oxidation (Scheme 1). Once the hydroxylated products are formed, further attack on the 423 electron-enriched benzo ring via electron transfer is more favored, which leads to the formation of 424 products with multiple hydroxyl groups on the benzo ring side of these benzothiazoles. This is also 425 supported by the relatively high stoichiometric ratios of PMS required for effective removal of the 426 parent benzothiazoles. Besides hydroxylated products, quinone-like products were also produced, 427 which possibly proceeds through hydrogen abstraction of the hydroxylated products by either sulfate 428 radical or PMS itself. 429 The sulfate radical oxidation of OHBT follows a different reaction pathway. The OH group on the 433 thiazole ring is more likely to be attacked by sulfate radicals than the benzo ring via electron transfer 434 and produces -O radical cation. The positive charge can shift to the 2-C due to the conjugate 435 structure. Further hydrolysis in water leads to the detachment of 2-C and the formation of a thiol and 436 a primary amine group (Scheme 2). The thiol group can be easily oxidized by sulfate radical into 437 sulfonate group, it can even be oxidized by PMS itself. 55 The amine group is finally oxidized into a 438 nitro group. The formation of a nitro derivative from sulfamethoxazole which has an aniline moiety 439 was also reported in reaction with sulfate radicals generated with PMS/Co analysis is gratefully acknowledged. We also appreciate the anonymous reviewers for their revision 468 suggestions which significantly improved the quality of this work. 469
